ABSTRACT
Introduction
Farmers use a wide range of pesticides to prevent crop losses from pest attack thereby improving yield as well as quality of the produce. Pesticide can also improve nutritional value of food and sometimes its safety and its use can be viewed as an economic, labour-saving and efficient tool for pest management (Damalas and Eleftherohorinos, 2011) . There has been a continuous growth of pesticide usage both in numbers and quantities since the 1940s. For example, total pesticide production has increased from one million metric ton (mmt) in 1965 to nearly 6 mmt in 2005 (Carvalho, 2006) . Emergence of pest resistance to pesticides is one of the major negative aspects of pesticide use, compounded by a widespread claim that the chemicals employed are harmful to human health and the environment (Hou and Lu, 2010; Pimentel, 2005; Pingali, 1995; Antle and Pingali, 1994) . The environmental and social impact of pesticide use in the USA alone is estimated at USD10 billion per year (Pimentel, 2005 ). An estimated 1-5 million farm workers suffer from pesticide poisoning every year and at least 20,000 die annually from exposure, mostly in developing countries (World Bank.org, undated) . Pesticide poisoning is more widespread in developing countries compared to developed countries (Hou and Lu, 2010) . There is also widespread acceptance that the expansion of modern agricultural technologies has led to a sharp increase in pesticide use (Pingali and Rola, 1995) . However, despite growing evidence of the social, health and environmental cost of pesticide use, farmers in developing countries will continue to use pesticides due to: (a) an ignorance of the sustainability of pesticide use; (b) a lack of alternatives to pesticides; (c) an underestimation of the cost of pesticide use both in the shortand the long-run; and (d) the weak enforcement of laws and regulations governing pesticide use (Wilson and Tisdell, 2001 ).
Pesticide use in Bangladesh, negligible until the 1960s, has recorded a dramatic increase over the past four decades. This is partly due to government's preference to adopt chemical control measures to increase crop production as well as to prevent pre-and post-harvest crop losses (Aziz, 2005; Matin, 2003; Rahman, et al., 1995) . However, a rapid increase in pesticide consumption raises concern about its potential impact on farmers' health as well as on the environment. Studies on pesticide use in Bangladesh are relatively limited, although news/magazines often report widespread use of banned pesticides including incidences of pesticide poisoning (e.g., IRIN, 2010) . Furthermore, systematic information on the level and scale of pesticide use over time and pesticide management practices of the government is largely non-existent. Except a couple of papers on pesticide use in Bangladesh covering the period 1973 -1995 (i.e., Matin, 2003 Rahman et al., 1995) , most of the remaining studies are based on farm surveys that dealt with determinants of pesticide use at the farm-level at a point of time (e.g., Dasgupta et al., 2005; Mahmoud and Shively, 2004; Rahman 2003 , Rahman and Hossain, 2003 , and Hossain et al, 1999 .
Given this backdrop, the present study attempts to provide a comprehensive analysis of the pesticide use scenario in Bangladesh over time. Specifically the study: (a) examines trends in the consumption and productivity of pesticide use and identify its determinants over a 33 year period ) at the national level; (b) presents a discussion on pesticide management practices (i.e., government policies, regulations, ban status); and finally (c) examines the scope to expand Integrated Pest Management (IPM) practices to control pests.
Methodology

Sources of data
Information on pesticide use in Bangladesh is very limited which partly explains relative lack of research on the topic. The present study is based on the analysis of available secondary data on pesticide use, as well as a review of existing literature dealing with pesticide issues in publications that are available either internationally or nationally (e.g., Dasgupta et al., 2005; Hossain, 2004, Rahman, 2003) , and news and reports that are backed with research findings and are widely available at the international public domain (e.g., Katalyst, 2010; IRIN, 2010) . When data comes from separate censuses, data for the inter-census years were constructed using a standard linear trend interpolation model.
Pesticide productivity
Productivity in economics is defined as the ratio of output to input.
X Q Input
Since information on pesticide use in specific crop is not available, we define pesticide productivity as a ratio of 'gross value added from all crops measured at 1984/85 constant prices'
to 'active ingredient of all pesticides used'. Since output index is measured at constant prices, changes in the output index reflect actual changes in the physical quantities of crops produced over time. Therefore, Eq (2) effectively measures the level of aggregate output that a unit of active ingredient of pesticide produces over time (i.e., BDT 1 /kg), which is a partial measure of productivity as other production inputs (e.g., fertilizers, labour, seeds, etc.) are not included.
1 BDT stands for Bangladeshi Taka. Exchange rate 1 USD = BDT 25.96 in 1985 and BDT 85.00 in 2011.
Trend analysis
Average annual compound growth rates were estimated using semi-logarithm trend functions by applying Ordinary Least Squares (OLS) procedure. The model is specified as follows:
where Y is the target variable whose trend is to be estimated, T is time, ln is natural logarithm, and β is the parameter that measures the average annual compound growth rate. The null hypothesis that 'the estimated growth rate is zero (H 0 : β = 0)' is tested in every case to determine the statistical significance of either positive or negative growth rate of the variable of interest.
Determinants of pesticide use
A host of factors may be responsible for pesticide use over time at the macro level, such as, use of modern technologies, changes in cropping diversity, changes in average farm size, etc. In order to identify the factors explaining use of pesticides over time, we have specified a pesticide determination function (dropping the t subscript for time) as follows: (million BDT at 1984/85 constant prices); X 4 = Average farm size (ha); and X 5 = Average literacy rate (proportion of literate adult population aged 7 years and above in total population); ln stands for natural logarithm; α, β, γ are the parameters to be estimated; and ε is the error term.
However, it should be noted that the rate of GR technology adoption which enters as a regressor in Eq (3) also depends on a similar set of factors specified in Eq (3). Therefore, we also specify a GR technology adoption function:
where X 6 = irrigation rate (proportion of modern irrigation area in GCA) which is a pre-requisite for GR technology adoption; µ is the error term. All other variables are defined earlier.
Choice of the variables in these models is based on existing literature. Also, most of these selected variables are either policy driven or amenable to policy changes. In order to account for the recursive nature and endogeneity of the specified models, we jointly estimate the system of equations (3) and (4) by applying the Three Stage Least Squares (3SLS) regression procedure.
This system of two structural equations, thus specified, is identified and is, therefore, estimable 3 .
STATA-V10 software is used to estimate all the models (STATA, 2007) . STATA, 2007) . In this system of structural equations, the value of m i in pesticide model is one and the value of (K -k i ) is also one. In GR technology model there is no endogenous variable. Therefore, the identification condition is satisfied and the system as a whole is just-identified and can be estimated.
Trends in pesticide consumption, productivity and determinants
Principal pests of major crops in Bangladesh
There are about 209 species of pests/mites of different crops and stored products (Table 1 , for a full list of these pests, please see Das, 1998) . Table 1 (Table 1; Rahman et al., 1995) .
[Insert Table 1 here]
Trend in pesticide consumption
Use of pesticides in crops is dependent upon pest infestations and the types of crops grown.
Nevertheless, consumption of pesticides grew by a staggering 1,440% from only 3,135 metric tons of active ingredients in 1977 to 45,172 metric tons in 2009. Figure 1 and Table 2 present the growth indices and average annual compound growth rates of pesticides, fertilizers and major crop areas in Bangladesh during 1977-2009 using Eq. (2). It is clear that the consumption of pesticides closely followed growth in the area under HYV rice and wheat as well as consumption of the inorganic fertilizers. In fact, pesticide consumption grew more rapidly than that of inorganic fertilizers, the key input required to grow HYV rice.
[Insert Figure 1 and Table 2 here]
Trend in the composition of pesticides
The composition of pesticide over time is dominated by insecticides ranging from 72% to 98% of total pesticide use ( Figure 2 ). Fungicides reached a peak of 28% of total pesticide use only in 1981 and flattened dramatically thereafter. However, the use of fungicides and herbicides has been increasing slowly in recent years. The main reasons for increased use of granular insecticides is ensured efficacy, a longer protection period, the scarcity of workable spray equipment, and 'ready to use' formulation (Matin, 2003) . Although data do not exist on the chemical composition of pesticides, Rahman et al., (1995) , examining pesticide use information for the year 1987/88, noted that organophosphates are the major types (60.4%) followed by carbamates (28.6%), organochlorines (7.6%) and others (3.4%). The farm level evidence also provides a similar picture. For example, Rahman (2003) reported that 69.4% of the 406 surveyed farmers surveyed in 1997 used organophosphates followed by carbamates (19.2%), organochlorines (6.8%) and pyrethroids (4.6%) in 1996.
[Insert Figure 2 here]
Trend in pesticide use rates
Although pesticides were rarely applied to crops in the past, the consumption of pesticides increased substantially following the diffusion of GR technologies in Bangladesh. Pesticide usage also became an essential component for other non-cereal crops as well. Correlation analysis on the data presented in Figure 1 (Rahman, 2003) , vegetables and cereals (Rahman and Hossain, 2003) and the degree of vegetable commercialization (Hossain et al., 1999) , respectively. Not only has the total consumption of pesticides increased as shown in Figure 1 , but also the use rates of pesticides has increased by 1,103% from only 0.26 kg of active ingredient per ha of GCA area in 1977 to 3.13 kg/ha in 2009.
The current figure is substantially higher than India estimated at 0.57 kg/ha (Raghu et al., 2003) and Vietnam at 0.30-0.50 kg/ha for rice and 0.50-1.00 kg/ha for vegetables (Nhan, 2003) but far lower than Japan at 12.00 kg/ha (Bami, 1996 , cited in Raghu et al., 2003 . estimated at -8.6% (p<0.01). The case of fertilizer productivity is similar, which is also declining at an average annual rate of -4.2% (p<0.01) ( Table 2) .
[Insert Figure 4 here]
During the initial years, domestic demand for pesticides was almost exclusively catered for by imports which later declined steadily and currently only a third of total pesticide consumption is met from imports. The main reason is the shift of government's policy to promote domestic production capacity by providing incentives (e.g., waiver of import duties on technical materials and key ingredients). A total of 10 companies are involved in local production of pesticides. Key pesticides formulated in the country are Carbofuran (5% GR), Diazinon (10% GR and 60% EC), Butachlor (5% GR), Malathion (57% EC), and Fenitrothion (50% EC) (Aziz, 2005) . The formulation license is issued in accordance with the guidelines of 'Integrated International Safety Guidelines for Pesticide Formulation in Developing Countries'
and clearance from the Department of Environment on the emissions record from the production site. Also, quarterly medical check-ups for the workers at the formulation plant are mandatory (Aziz, 2005) . Results clearly show that the expansion of GR technology is a significant determinant of growth in pesticide use which was also noted in farm-level studies (e.g., Rahman, 2003; Pingali and Rola, 1995) . Also, crop diversification (i.e., shifting mainly from cereals to non-cereals) significantly increases pesticide use, which was confirmed by farm-level studies claiming that the production of non-cereals, particularly vegetables, significantly increase pesticide use (e.g., Dasgupta et al., 2005; Mahmud and Shively, 2004; Rahman, 2003; Rahman and Hossain, 2003; Hossain et al., 1999) . The average farm size also significantly increases pesticide use, also reported in farm-level studies (e.g., Rahman 2003) . Literacy rate also positively influences pesticide use. It is encouraging to see that R&D investment negatively influence pesticide use.
Determinants of pesticide use in Bangladesh
The implication is that new technologies released from the agricultural research stations seems not to be directly pesticide dependent. The role of extension on pesticide use is not significant. influences GR technology adoption. The implication is that smaller farms tend to adopt GR technology more, perhaps to reap the benefits generated from increased production per unit of land area.
[Insert Table 3 here]
Pesticide management practices in Bangladesh
Regulatory framework for pesticide use and trade
In Bangladesh, chemical control has been the primary method for pest management. Until 1974, the government promoted use of pesticides by supplying them free of cost to farmers (100% subsidy). The subsidy was then reduced to 50% in 1974 and was withdrawn completely in 1979 (Matin, 2003) . Pesticides are required to be registered by law for sale in the market. A Pesticide
Ordinance was promulgated in 1971 to regulate import, manufacture, formulation and distribution of pesticides, and has been subsequently amended in 1980, mainly to accommodate the provision for licensing (Aziz, 2005) . A set of rules regarding pesticide use were framed in 1985 to carry out the provision of the Pesticide Ordinance. The Ordinance extends to all pesticides, whether used for agriculture, public health or any other purposes (Aziz, 2005) . The (Table 4) . Also, the number of companies engaged in the pesticide business increased by 300% from only 31 in 1989 (Rahman et al., 1995 ) to 111 in 2005 (DOE, 2005 . Registration of a particular pesticide is valid for three years, issued by the Director of Plant Protection of MoA, and must be reapplied at the end of the three years for renewal (Aziz, 2005; Rahman et al., 1995) .
[Insert Table 4 here]
Banned pesticides
Pesticides which do not conform to the regulatory framework are banned. Table 5 lists the names of these banned pesticides. Also, a total of 27 active ingredients and 67 brands were removed from the registration list during mid-1997 due to perceived hazards to human health and the
environment (DOE, 2005). The government of Bangladesh is a signatory of the Stockholm
Convention on Persistent Organic Pollutants (POPs). (Rahman and Hossain, 2003) .
[Insert Tables 5 and 6 here]
Concerns regarding pesticide use
Pesticide use in Bangladesh is increasing rapidly which raises serious concern particularly due to the type of pesticides used and the handling practices leading to unwanted health effects and environmental pollution and the evidence of deaths associated with pesticide use. The overall current use rate of 3.13 kg of active ingredient per ha is almost double than the world average of 2.0 kg/ha for the year 2004 (Envirostats, 2007 . It is also important to note that the farm-level use rates are similar to the national average estimated in this study, thereby providing consistent evidence of excessive pesticide use in Bangladesh. For example, farm-level average pesticide use rate over a crop year cycle is estimated at 2.3 kg and 4.0 kg of active ingredient per ha by Rahman and Hossain (2003) and Rahman (2003) , respectively.
Pesticide overuse is also observed. A study administered by the World Bank concluded that over 47% of the 821 Bangladeshi farmers surveyed in 2003 are overusing pesticides at a rate of 3.4 kg per ha per growing season (Dasgupta et al., 2005) . They have also noted that the health effects reported by these farmers are directly related to the amount of pesticides they have used in crop cultivation (Dasgupta et al., 2005) .
The number of applications of pesticides by farmers is another source of concern. The number of pesticide applications per season varies between 1 to 16 times (average 4 applications) (Dasgupta et al., 2005 ) and 1 to 10 times (average 4.4 applications), respectively (Rahman and Hossain, 2003) . Furthermore, Bangladeshi farmers are still using banned pesticides (Rahman and Hossain, 2003) .
Another major concern is the lack of awareness of the harmful effects of pesticides, as well as safe handling practices by farmers. For example, although 49% of the 821 surveyed farmers reported frequent health symptoms associated with pesticide poisoning, only 4% reported that they were formally trained in pesticide use and 87% openly admitted to using little or no protective measures while applying pesticides (Dasgupta et al., 2005) . Similarly, only 44% of the 81 surveyed farmers reported use of hand-made face masks while applying pesticides which do not meet the required safety standards (Rahman and Hossain, 2003) .
Apart from the health impacts of the farmers, impact on the environment is also a concern. There is evidence of the off-site effect of pesticide use in the environment, as 11% of tested water samples contained pesticide residues at levels higher than the WHO guidelines pesticide use by 90% and 75% while subsequently raising crop yields by 10% and 12% by rice and aubergine farmers, respectively (FAO, 2011) . Also, proper use of IPM practices can reduce the cost of pesticides in vegetables (e.g., aubergine, gourd and cucumber) by BDT 7,500-16,000
per ha (i.e., USD 108-232) (Katalyst, 2010).
Conclusions and Policy Implications
Bangladesh, overwhelmingly an agricultural economy, has followed the path of rapid diffusion of a rice-based GR technology over the past four decades in order to attain the goal of selfsufficiency in foodgrains (Rahman, 2010) . Also, the government has emphasized crop diversification since the early 2000s in order to promote agricultural growth and export earnings (Rahman, 2009 ). Both these policy driven factors has resulted in a significant increase in the use of pesticides as demonstrated in this study. The results also revealed that the productivity of pesticide use has been falling significantly over time which raises serious concerns on sustaining growth in agriculture through increased use of pesticides as the principal means to control pests. Note: *** = significant at 1 % level (p<0.01) ** = significant at 5 % level (p<0.05) * = significant at 10 % level (p<0.10) 
